Cell-based assays represent a major end point of high throughput screening (HTS) but a key limitation of such assays is the potentially poor membrane permeability of test compounds. In this study, we optimized the conditions for the delivery of the membrane impermeable compound 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS) into human cells using hypotonic shift; a method that can promote the uptake of molecules from the extracellular fluid into cell cytoplasm via endocytosis. We showed that uptake of HPTS by cells was a function of hypotonic buffer osmolarity and that delivery was highly efficient with almost 100% of cells displaying uptake. Delivery of HPTS was equally effective at 25 ºC and 37 ºC, with delivery of compound proportional to incubation time and concentration of HPTS within the loading medium. The experimental conditions identified in this study could be applied to HTS drug discovery studies providing an effective method of delivering small membrane impermeable compounds into cells.
Introduction
A variety of end-point assays are implemented to assess the effects of compounds on target molecules during high throughput screening (HTS), and these can be broadly divided into two classes: biochemical assays and cell-based assays [1] . Cell-based assays provide a means to investigate putative activity-modifying compounds within an in vitro cellular environment and end points for analysis include second messenger assays, reporter gene assays and cellular process assays (i.e. proliferation) [1, 2] . The establishment of a simple and efficient method to deliver membrane impermeant compounds during HTS of compounds could help increase the pool of lead compounds for further investigation helping identify compounds for potential therapeutic use or aid in the discovery of molecular tools for research purposes.
In this study, the optimal conditions for the delivery of hydrophilic 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS) into mammalian cells using hypotonic shift were investigated. Hypotonic mediated delivery of compounds has already proven useful for molecular biology, cellular biology and in vivo research (e.g. [3] [4] [5] [6] [7] [8] [9] [10] ) and has a potential application in drug screening assays, where panels of compounds could be assessed in cellbased assays irrespective of their membrane permeability. The conditions studied included hypotonic buffer osmolarity, loading temperature and duration, rounds of loading and concentration of HPTS within the loading medium.
Materials and Methods

Cell culture and hypotonic loading
HT-29 colorectal adenocarcinoma cells (HTB-38) were maintained in Dulbecco's Modified Eagle Medium (DMEM) (Invitrogen) containing 1 % penicillin/streptomycin solution (v/v) (Invitrogen) and 10 % fetal bovine serum (v/v) (Invitrogen). For hypotonic shift mediated loading, HT-29 cells were detached from culture flasks via incubation in 0.025 % trypsin (Invitrogen), 2 mM EDTA in 1 x PBS. Cells were pelleted via centrifugation, washed once in 1 x PBS and counted. For each sample, 3 x 10 5 cells were transferred to 1.5 mL microfuge tubes, the cells were pelleted via centrifugation and the supernatant discarded. The cells were then resuspended in 200 µL of isoosmolar or hypoosmolar buffers containing 0.5 mM HPTS (Sigma-Aldrich) unless otherwise indicated. The formulations of the buffers used in the study are listed in table 1 and the buffers were adjusted to pH 7.4 using 1 M NaOH. Cells were incubated in buffers for 30 minutes at room temperature (~25 ºC) unless stated otherwise. After incubation, cells were washed three times with one volume of staining buffer (1 x PBS containing 1 % fetal bovine serum (v/v)) and then lysed in 50 µL of lysis solution (50 mM Tris-Cl pH 8.0, 150 mM NaCl, 1 % Triton X-100 (v/v)). Fluorescence levels of test samples were measured using the Victor 3 plate reader (PerkinElmer) using excitation at 485 nm and emission detection at 535 nm. The concentration of HPTS within the test samples was quantitated by comparing sample fluorescence levels to a standard curve generated from a 1 in 2 serial dilution series of 0.1 M HPTS.
Fluorescence imaging
For fluorescence imaging, 3 x 10 5 HT-29 cells were resuspended in either isoosmolar buffer or 122.5 mOsM buffer containing 0.5 mM HPTS for 30 minutes. Cells were washed three times in staining buffer and seeded into the wells of 6-well culture plates in total volumes of 5 mL complete medium. The cells were allowed to adhere to the bottom of the culture vessels for two hours prior to Hoffman modulation contrast and fluorescence imaging on a Nikon Eclipse Ti inverted microscope system.
Statistical analysis
Differences between the means of two groups were assessed by Student's t-tests and for the testing of differences between the means of three or more groups analysis of variance with LSD post-hoc tests were used. Significant differences were denoted by p < 0.05. Errors bars in graphs represent a standard error of the mean. The number of samples assessed for each experimental condition (group) was at least three (n = 3).
Results and Discussion
The delivery of membrane impermeant molecules into mammalian cells via hypotonic shift requires the use of a hypoosmolar buffer to invoke the regulatory volume decrease (RVD) associated with hypotonic shock. RVD is characterized by the opening of K + channels and anion channels and a reduction of membrane surface through intensive endocytosis. During endocytosis, molecules present within the extracellular fluid are able to enter cells [11] [12] [13] . We set out to determine the optimal osmolarity of hypotonic buffer used to mediate the RVD and thus facilitate the entry of HPTS into HT-29 cells. Figure 1A shows that dose responsive increase in HPTS uptake was observed with decreasing buffer osmolarity. Peak delivery of HPTS was observed at a buffer osmolarity of 122.5 mOsM. This buffer osmolarity was used for all subsequent optimisation experiments. In order to rule out that cell stress from the hypoosmolar conditions used was contributing to the observed fluorescence increase, a control experiment where HPTS was omitted was performed. We found that a buffer osmolarity of 122.5 mOsM was well tolerated by the cells, with no fluorescence observed in the absence of HPTS. To quantitate the efficiency of HPTS uptake fluorescence imaging was carried out on cells incubated in isoolsmolar and hypoosmolar buffers Figure 1B reveals that only a small proportion of cells incubated in isoosmolar buffer took up HPTS. On the other hand, almost 100 % of cells incubated in hypoosmolar buffer were positive for HPTS uptake, indicating the delivery of molecules through hypotonic shift was highly efficient. This clearly confirms that cell swelling and RVD represents a global response such that each cell attempts to counteract the differences between intracellular and extracellular osmolarity when exposed to hypoosmolar buffer.
We next investigated the effect of incubation duration (period of time cells were exposed to hypoosmolar solution) on the delivery of HPTS into HT-29 cells ( Figure 1C ). Incubation periods beyond 10 min showed time dependent increases in the uptake of HPTS, with maximal delivery at 60 min. Incubation of cells in hypotonic buffer for 60 min was well tolerated and no significant increase in cell death was observed compared to cells maintained in complete growth medium (data not shown). The impact of incubation temperature (4 ºC, 25 ºC and 37 ºC) on the uptake of HPTS was also investigated. Figure 1D shows that incubation at 4 ºC significantly reduced HPTS uptake compared to incubation at 25 ºC. Most likely, cellular responses linked to hypotonic challenge require higher temperatures to function effectively. On the other hand, incubation at 37 ºC only produced a marginal, nonsignificant increase in the uptake of HPTS relative to incubation at 25 ºC. Notably, this indicates that loading at 25 ºC was as effective as loading at normal physiological body temperature, therefore eliminating the need to pre-warm buffers or use temperature controlling equipment such as water baths or incubators to effectively load compounds. The influence of multiple rounds of hypotonic loading on the delivery of HPTS ( Figure 1E ) was investigated by exposing cells to consecutive rounds (1-3) of hypoosmolar loading with a 30 min recovery period in complete growth medium in between loading rounds. Assessment of HPTS uptake showed that multiple rounds of loading were able to increase the amounts of compound delivered in a manner that was proportional to the number of times cells were loaded.
The capacity to deliver membrane impermeable HPTS into HT-29 cells was likely to be a function of the concentration of HPTS within the hypoosmolar solution. To this end, we tested the effect of increasing the concentration of HPTS in the hypoosmolar solution on the delivery of HPTS into cells ( Figure 1F ). The concentration of HPTS was effectively increased by decreasing the incubation volume. As such, the same moles of compound were used in the hypotonic buffers containing different final concentrations of HPTS. The incubation volumes ranged from 400 µL to 50 µL with the final concentrations of HPTS ranging from 0.25 mM up to 2 mM. Analysis of fluorescence levels revealed that HPTS uptake was proportionally related to the concentration of HPTS in solution and that increasing HPTS concentration by reducing final incubation volumes provided an effective means to deliver molecules while preserving compound. Finally the effect of adding DMSO, a solvent commonly used to dissolve drugs and compounds due to its amphipathic quality, on the delivery of HPTS into HT-29 cells was assessed. Cells were incubated in hypotonic solution supplemented with or without 0.5 % DMSO and HPTS uptake measured ( Figure  1G ). HPTS levels were not significantly altered by the presence of DMSO indicating that DMSO could be used as a solvent for compounds
In conclusion, we describe the conditions for efficient hypotonic shift mediated delivery of a model cell-impermeable compound HPTS into a human cell line. The study clearly showed that HPTS delivery displayed an inverse relationship to loading buffer osmolarity, could be performed at 25 ºC with no lose of efficiency, was proportionally related to incubation time, and was increased through multiple rounds of loading. Hypotonic shift mediated delivery represents a highly efficient method of loading membrane impermeable compounds into mammalian cells. The technique described herein has a potential application in HTS drug discovery studies where the activities of compounds against target molecules could be assessed irrespective of membrane permeability, thus increasing the pool of lead compounds identified for drug discovery. Lead compounds identified that prove to be membrane impermeable could then be further studied or modified to improve membrane permeability. Ultimately, hypotonic shift mediated delivery of compounds could aid in the discovery of molecules for therapeutic use or as tools for biomedical research. HT-29 cells were exposed to either one, two or three rounds of hypoosmotic loading with 30 min recovery periods in complete growth medium between loading rounds. ^ Denotes significant increase relative to one round of loading. (F) The effect of HPTS concentration on the uptake of HPTS. The concentration of HPTS within the loading medium was increased and the impact of these increases on the uptake of HPTS by cells was assessed as described above. * Denotes significantly increased compared to a HPTS concentration of 0.25 mM. (G) The effect of DMSO on the uptake of HPTS. Cells were incubated in hypoosmolar buffers containing either 0 or 0.5 % DMSO (v/v) and HPTS uptake determined as previously described. 
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